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Since Matrix metalloproteinases (MMPs) have been suggested to contribute to dentin
caries progression, the hypothesis that MMP inhibition would affect the progression
of dentin caries is clinically relevant. Grape seed extracts (GSE) have been previously
reported to be natural inhibitors of MMPs.
Objective: To evaluate the capacity of a GSE mouthrinse to prevent the degradation of
demineralized dentin matrix by MMP-3 (stromelysin-1).
Materials and Methods: Standardized blocks of dentin obtained from sound
permanent teeth extracted for orthodontic reasons were demineralized with
Ethylenediaminetetraacetic acid (EDTA) and pretreated either with (A) GSE (0.2%
w/v), (B) amine fluoride (AmF) (20% w/v), (C) a mouthrinse which contains both, (D)
placebo, (E) sodium fluoride (0.15 mg.ml−1), (F) PBS, (G) Chlorhexidine digluconate
(CHX), or (H) zinc chloride (ZnCl2). The dentin blocks were then incubated with activated
recombinant MMP-3. The supernatants were analyzed by Western Blot for several dentin
matrix proteins known to be MMP-3 substrate. In parallel, scanning electron microscopy
(SEM) was performed on resin replica of the dentin blocks.
Results: Western blot analysis of the supernatants revealed that MMP-3 released from
the dentin matrix small proteoglycans (decorin and biglycan) and dentin sialoprotein (DSP)
in the AmF, sodium fluoride, PBS and placebo pretreated groups, but not in the GSE
and mouthrinse pretreated groups. SEM examination of resin replica showed that the
mouthrinse and its active components not only had an anti-MMP action but also modified
the dentin surface accessibility.
Conclusion: This study shows that GSE either alone or combined with AmF as in the
evaluated mouthrinse limits dentin matrix degradation. This association may be promising
to prevent the progression of caries within dentin. However, the procedure should be
adapted to clinically relevant durations.
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INTRODUCTION
Matrix metalloproteinases (MMPs), also designated as matrixins,
hydrolyze components of the extracellular matrix (Brinckerhoff
and Matrisian, 2002) and play a central role in many biological
and pathological processes. Their role in the dentin caries process
has also been proposed in several studies (Tjaderhane et al., 1998;
Sulkala et al., 2001). MMPs were shown to be expressed during
tooth development and to be necessary for normal dentin for-
mation (Bourd-Boittin et al., 2005). After dentin mineralization,
they remain trapped in the calcified matrix either under active
or proenzyme forms, which may explain their persistent pres-
ence within the dentin of adult teeth (Tjaderhane et al., 1998;
Mazzoni et al., 2007). It can be therefore hypothesized that their
exposure and activation during the caries process would allow
these enzymes to promote matrix degradation and caries pro-
gression. Indeed, cariogenic bacteria create acidic environment,
exposing the dentin matrix. However, cariogenic bacteria can-
not degrade dentin matrix after demineralization (Katz et al.,
1987), and the bacteria collected from dentinal lesions created
in situ were unable to degrade collagen in vitro (van Strijp et al.,
1997). Moreover, purified bacterial collagenases have low degrad-
ing activity in acidic environment (Clarkson et al., 1987; Kawasaki
and Featherstone, 1997). It can be therefore assumed that the
cariogenic demineralization process initiated by the bacteria re-
exposes endogenous MMPs and also potentially induces their
activation through the acidity they create (Tjaderhane et al., 1998;
Sulkala et al., 2001), hence enabling further dentin matrix degra-
dation. In addition, saliva, which bathes the dentin carious lesion,
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contains several MMPs that can also participate in the organic
matrix degradation (Tjaderhane et al., 1998; van Strijp et al.,
2003; Nascimento et al., 2011).
Intra-oral administration of modified tetracylines and zole-
dronate, known as chemical MMP inhibitors, delayed caries pro-
gression in rats (Tjaderhane et al., 1999; Sulkala et al., 2001).
These studies suggest that MMPs have a deleterious effect in
dentin caries and that MMP inhibition may represent a new
avenue for the prevention or treatment of caries. Along this line,
several synthetic MMP inhibitors are already in usage in the
dental practice. They mainly include Ethylenediaminetetraacetic
acid (EDTA) (Thompson et al., 2012), Chlorhexidine digluconate
(CHX) (Gendron et al., 1999; Carrilho et al., 2007), or Zinc chlo-
ride (ZnCl2) (Toledano et al., 2012) whose MMP inhibitory effect
is based on their zinc and calcium chelator properties (Chaussain
et al., 2013). In addition, several natural molecules have been
previously reported to have MMP inhibitory properties. Grape-
seed extracts (GSE) were shown to suppress lipopolysaccharide-
inducedMMP-1 andMMP-9 secretion bymacrophages in culture
and to inhibit their activity, and were therefore recommended
for use in the development of new treatments of MMP-mediated
disorders such as periodontitis (La et al., 2009). Hence, the
MMP-inhibitory effects of these natural substances and the fact
that they are expected to cause only minimal side effects make
them particularly attractive for the treatment of dentin caries,
since they can be integrated into the daily-used topical prod-
ucts, such as toothpastes and mouthrinses, or into products used
for direct application, such as varnish. In addition, increasing
concentrations of GSE have been shown to decrease the degra-
dation rate of the dentin matrix after bacterial collagenase treat-
ment, indicating an inverse relationship between concentration
of GSE and collagen solubilization (Bedran-Russo et al., 2008,
2011). Noteworthy, GSE induced collagen inter-microfibrilar
cross-links at high concentration (6.5% w/v), modifying the ten-
sile strength properties of the dentin matrix (Bedran-Russo et al.,
2011).
Among the MMPs detected in dentin, Stromelysin-1, also
termed MMP-3 or proteoglycanase, is capable of degrading the
protein core of proteoglycans (PGs), resulting in the release of sol-
uble glycosaaminoglycans (GAGs) (Hall et al., 1999). Boukpessi
et al. have previously developed a simplified but well-controlled
in vitro model to study the dentin caries process, consisting
of the pretreatment of human sound dentin cubes by acidic
or EDTA solutions followed by a MMP (MMP-3, MMP-2, or
MMP-9) treatment of the demineralized matrix (Boukpessi et al.,
2008). Using this model, they have shown that MMP-3 released
from the collagen scaffold several non-collagenous proteins
(NCPs) such as two Small Leucine-Rich Proteoglycans (SLRPs)
decorin (DCN), and biglycan (BGN) as well as four mem-
bers of the SIBLING (Small Integrin-Binding LIgant N-Linked
Glycoproteins) family: dentin sialoprotein (DSP), matrix extra-
cellular phosphoglycoprotein (MEPE), bone sialoprotein (BSP),
and osteopontin (OPN) (Boukpessi et al., 2008). All these
NCPs are known to be associated to the collagen fibers in the
dentin (Orsini et al., 2007, 2008) and to participate in the
initiation or control of dentin mineralization (Orsini et al.,
2012).
Recently, a new daily mouthrinse composed of GSE and amine
fluoride (AmF) has been developed. This combination showed
both a significant antiplaque activity and an important antiox-
idant capacity in vitro, without any bactericidal effects (Furiga
et al., 2014). The objective of this study was to evaluate the capac-
ity of this mouthrinse to prevent dentin matrix degradation by
MMPs. As GSE are known to be natural inhibitors of MMPs, we
hypothesized that the tested mouthrinse has the ability to limit
dentin matrix degradation following MMP treatment, mainly
by reducing NCP release. In this study, MMP-3 was selected
because we previously showed that it was the only MMP among
those tested able to release several NCPs from the dentin matrix
(Boukpessi et al., 2008).
MATERIALS AND METHODS
SAMPLES SELECTION
Sound permanent premolars extracted for orthodontic reasons
were collected, gently cleaned with tap water and kept at −20◦C.
All teeth were collected with informed and oral consent from the
patients and the parents according to ethical guidelines set by
the French law (Loi Bioéthique n◦2004-800) and with a special
authorization for our team (n◦DC-2009-927, Cellule Bioéthique
DGRI/A5, Paris, France).
DENTIN DEMINERALIZATION
Enamel was removed by drilling with a high-speed diamond bur
under water cooling. Standardized dentin blocks (1mm3, 1.2mg)
were prepared from the outer part of teeth with a diamond
disk saw under continuous water spray (Accutom 5, Streuers,
Copenhagen, Denmark). Blocks were immersed individually at
4◦C in 170μl of 4.13% w/v EDTA (disodic salt) pH 7.2 for 7
days. The demineralizing solution was supplemented with 1/100
Proteinase Inhibitor Cocktail Set V EDTA free (Calbiochem, La
Jolla, CA). After demineralization, EDTA was removed by rinsing
the blocks three times in PBS.
PRETREATMENT OF DENTIN BLOCKS WITH DIFFERENT SOLUTIONS
Dentin blocks were incubated 48 h at 4◦C in different solu-
tions according to the treatment group. The mouthrinse
EludrilDAILY® (Pierre Fabre Santé, Castres, France), containing 2
mg.ml−1 of GSE (0.2% w/v, Vitimed, Vallon Pont d’Arc, France)
and 10.2 mg.ml−1 of Fluorinol®, was used as pretreatment solu-
tion for group A. The active principles of the mouthrinse were
tested separately at the same final concentration found in the
mouthrinse: GSE solution (2 mg.ml−1, Pierre Fabre Santé) for
group B, and AmF (Fluorinol®, 20% w/v; Pierre Fabre Santé)
for group C. Placebo, which has the same composition that the
mouthrinse without the active principles (GSE and Fluorinol,)
was used for group D, sodium fluoride (NaF, N◦B48-1450-038
0.15mg.ml−1) for group E, PBS for group F, dissolvent composi-
tion of 5% CHX (w/v, pH 6, Pierre Fabre Santé) for group G, and
ZnCl2(Sigma-Aldrich) with a final concentration of 3.3 mg.ml−1
pH 6.5, for group H.
ACTION OF MMP-3 ON PRETREATED DENTIN
Recombinant human MMP-3 (R&D Systems Inc., Minneapolis,
MN, USA) was first incubated with aminophenylmercuric acetate
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(1mM, 1 h, 37◦C) to achieve activation. Each demineralized and
pretreated dentin block was incubated with the activated MMP-
3 (1μg/ml) in a 120μl buffer containing 100mM Tris pH 7.2;
0.15M NaCl; CaCl2 5mM; 0.05% w/v Brij 35, and 0.02% w/v
NaN3 (SIGMA, St Louis, MO, USA). Following 72 h incubation
at 37◦C, the supernatants were subjected to Western blot analysis
to reveal the proteins released by MMP-3 treatment.
WESTERN BLOT ANALYSIS
Laemmli-buffer-diluted samples were electrophored on 4–20%
w/v gradient gels (Mini-Protean® TGX™ gels, BioRad, Marne la
Coquette, France) and separated proteins were transferred to a
nitrocellulose membrane (Trans-Blot Transfer Medium, BioRad).
The membrane was blocked with 5% v/v bovine serum and
incubated overnight at 4◦C with one of the following poly-
clonal antibodies: anti-DCN (LF 113), anti-BGN (LF 159) (kind
gifts from Larry Fisher, NIH, Bethesda, MD, USA) used at 1
mg.ml−1 and diluted at 1/1500; anti-DSP (LF 153) and anti-
MEPE (kind gift from Peter Rowe, Kidney Institute, Kansas City,
KS, USA) were used at 1mg.ml−1 and diluted at 1/700. After
incubation with a peroxidase-conjugated swine anti-rabbit IgG
at 1/10000 dilution for 1 h at room temperature, the mem-
brane was developed by means of the Renaissance Western Blot
Chemiluminescence Reagent Plus Kit (NEN Life Science, Boston,
MA, USA). Chemiluminescent signals were digitalized and the
relative intensity of the different bands was compared using
ImageJ software (v1.45p, NIH).
STATISTICAL ANALYSIS
For each experiment, samples were performed in triplicate for
each condition and repeated three times. The values found in
each experiment were averaged, and the mean was used for
comparison between groups. Intergroup comparison was per-
formed by one-way analysis of variance with Bonferroni correc-
tion (α = 0.05). If a statistical difference was detected, a post
hoc non-pairwise multiple comparison (Scheffe’s test) was used
to identify differences among the groups. Data are expressed as
mean ± SD.
SCANNING ELECTRON MICROSCOPY ANALYSIS (SEM)
To investigate whether the different tested pretreatments have
influence on demineralized dentin treated by MMP-3, SEM
analysis was performed on the replicas of the dentin blocks.
Dentin block surfaces were treated with phosphoric acid 40%
(w/v, Onyx ™ Centrix, Shelton, CT, USA) for 20 s. After rins-
ing and gentle drying, a thick layer of dental adhesive resin
(OptiBond® SoloPlus Kerr Corporation, Orange, CA, USA) was
placed on dentin. After photopolymerization (Free light 3M
ESPE, Seefeld, Germany), a layer of microhybrid flowable com-
posite (Tetric EvoFlow®, Ivoclar Vivadent, Saint Jorioz, France)
was placed and photopolymerized. The dentin block was dis-
solved with HCl 8N during 36 h. Replica surfaces were rinsed with
flow water, air-dried, glued with carbon adhesive discs on alu-
minum stubs, sputter-coated (SC5OO, BIO-RAD Laboratories,
Hercules, CA, USA) with palladium/gold (20mA, 0.1 Tor, 2min).
The replicas were observed by SEM (EVO MA 10 SEM, Carl
Zeiss, Oberkochen, Germany) equipped with tungsten gun and
Everhart-Tornley secondary electron detector.
RESULTS
CLEAVAGE OF DENTIN MATRIX COMPONENTS BY MMP-3
Western blot analysis of supernatants retrieved from the sam-
ples pre-treated with mouthrinse and GSE, followed by MMP-3
treatment, did not reveal any detectable DCN band (Figure 1).
In contrast, DCN was visualized as a large band around 60 kDa
in the AmF, placebo, NaF, and PBS pre-treated groups, and
as an additional weaker band at 130 kDa mainly detectable in
the AmF and placebo pre-treated group (Figure 1A). BGN was
detected as a single large band around 140 kDa in the super-
natants of the samples pre-treated with AmF, NaF, placebo, and
PBS, but not with the mouthrinse and GSE (Figure 1B). For both
SLRPs, no band was detected in the CHX and ZnCl2 pre-treated
groups (Figures 1A,B). DSP was also released by MMP-3 and
was observed as two bands around 150 and 75 kDa in the AmF,
placebo, NaF and PBS pre-treated groups. No signal was detected
in the mouthrinse, GSE and ZnCl2 supernatants, whereas a
smear labeling was seen with CHX pre-treatment (Figure 1C).
FIGURE 1 | Western blot analysis assessing the ability of the tested
Mouthrinse to prevent NCP release. (A) DCN is detected as a main band
at 60 kDa in the following groups: pre-treatment with amine fluoride (AmF),
placebo, NaF, and PBS. An additional fainter band is seen at 130 kDa in the
AmF and placebo groups. No band is observed in the Mouthrinse, GSE,
CHX, and ZnCl2 pre-treated groups. (B) BGN is detected as a large band
around 140 kDa in placebo, NaF, and PBS pre-treated groups. This band
appears fainter in the AmF group. No band is observed in the Mouthrinse,
GSE, CHX, and ZnCl2 pre-treated groups. (C) Dentin sialoprotein (DSP) is
observed at 150 and 75 kDa in the AmF, placebo, NaF and PBS
pre-treatment groups. A smeary signal is detected in the CHX pre-treated
group whereas no band is present in the Mouthrinse, GSE, and
ZnCl2groups.
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Quantification of the different bands after normalization with
placebo is showed in Figure 2. In particular, release of DSP after
pre-treatment with AmF was around 0.6 (p < 0.05), compared
to release of DSP in placebo (set at 1), and release of BGN
and DCN after pre-treatment with AmF were both around 0.4
(p < 0.05). Contrary to this, release of BGN and DCN after NaF
pre-treatment were significantly higher compared to placebo (1.6
and 1.8, respectively, p < 0.05). At last, release of BSP and DCN
after pre-treatment with PBS were significantly higher compared
to placebo (1.8 and 2.8, respectively, p < 0.05) whereas release of
BGNwas significantly lower compared to placebo (0.9, p < 0.05).
For MEPE, no signal was detected (data not shown).
EFFECT OF PRETREATMENTS ON DENTIN PENETRATION BY LOW
VISCOSITY RESIN AFTER MMP-3 TREATMENT
Boukpessi et al. have previously shown that MMP-3 treatment, by
removing some of the matrix components, improved the diffu-
sion of low-viscosity resin into the dentin sub-surface (Boukpessi
et al., 2008). Resin penetration into the dentin blocks was ana-
lyzed after MMP-3 treatment in the different groups (Figure 3).
In the mouthrinse (Figure 3A) and GSE (Figure 3B) pretreat-
ment groups, the tubules were not enlarged by the MMP-3
treatment and were not penetrated by the resin. Limited resin
penetrations were observed in both fluoride pretreated groups
(Figures 3C,E), but they were more pronounced in the NaF
group. In contrast, a very deep penetration of the resin tags
within the tubules was observed in the placebo and PBS groups
(Figures 3D,F). With the two MMP inhibitors pretreatment, a
faint disorganization of the dentin architecture was observed in
CHX pretreated group (Figure 3G), whereas ZnCl2 pretreated
replicas showed a regular dentin surface (Figure 3H). Hence,
the mouthrinse and its active components appear to limit the
disorganization inside dentinal tubules induced by the MMP-3
action.
DISCUSSION
Our results show that dentin pretreatment with the tested
mouthrinse, and to some extent with its active principles, limits
dentin matrix disorganization induced by MMP-3, especially
along the dentinal tubules (Figure 4). In this study, we used an
in vitro model combining a demineralization process and a sub-
sequent MMP-3 treatment in order to test MMP inhibitors on
dentin matrix degradation (Boukpessi et al., 2008). MMP-3 has
been identified in predentin (Hall et al., 1999) and in dentin
(Boukpessi et al., 2008), where it localizes within the intertubu-
lar dentin, along the collagen fibrils (Mazzoni et al., 2009). In vitro
human demineralized dentin has been extensively used as amodel
to study the caries process (Ten Cate et al., 1991). However,
demineralized dentin represents a simplified model of the caries
process (Ten Cate, 2001), as it does not take into account the
degradation of the organic matrix by endogenous proteinases
and/or by bacterial collagenases. Therefore, the selected model
would be more relevant to mimic dentin matrix degradation and
to test the effect of MMP inhibitors.
The reported roles for DCN and BGN include collagen stabi-
lization, collagen fibrillogenesis, calcium binding potential, inter-
action with hydroxyapatite, as well as crystal growth inhibition.
DCN is strongly expressed over the mineralized dentin (mainly
inside the dentinal tubules) and in the predentin adjacent to the
mineralization front, whereas BGN is mainly expressed in pre-
dentin during matrix formation and maturation (Mazzoni et al.,
2012; Orsini et al., 2012). DSP, abundantly expressed in dentin
and not detected in predentin, may be essential in the biomin-
eralization process during the dentin formation (Mazzoni et al.,
2012; Orsini et al., 2012). The prevention of these NCPs release
may protect further matrix degradation by exposing the collagen
fibers to more collagen-specific MMPs such as collagenases and
gelatinases (Malla et al., 2008) which are also present in the dentin
organic matrix and in the saliva (Tjaderhane et al., 1998).
Our Western blot results showed that the pretreatment of
the demineralized dentin with either GSE or the mouthrinse
inhibited the MMP-3-dependent release of two SLRPs and the
SIBLING member DSP, a specific dentin NCP. It should be
noted that the molecular weights of these glycoproteins released
by MMP-3 are somewhat different from those of their purified
forms. This may be due to their release either as dimers or as
molecular forms still bound to fragments of other matrix compo-
nents to which they are bound in the dentin. In fact, DCN, which
FIGURE 2 | Quantification of NCP release fromWestern blot analysis.
Quantification of the different bands by ImageJ after normalizationwith placebo
bands shows a significant weaker protein release in samples pre-treated with
AmF (all proteins tested) and PBS (BGN), and a significant stronger release in
NaF (BGN and DCN) and PBS (DSP and DCN) pre-treated groups. Black bars:
DSP; gray bars: BGN; white bars: DCN. ∗p < 0.05 vs. placebo value.
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FIGURE 3 | SEM analysis of resin replicas of the demineralized,
pre-treated and MMP-3 treated dentin blocks. The resin penetration is
absent in the mouthrinse groups (A) and GSE (B) as no tubule is
enlarged by the MMP-3 treatment and penetrated by resin; a regular
dentin surface is observed. In the AmF group (C), sparse penetrations of
resin are seen (white arrows). In the NaF group (E), mildly infiltrated
dentinal tubules are visualized (white arrows). In contrast, a very deep
penetration of the resin within the tubules (white arrows) is observed in
the placebo (D). In addition to a deep penetration of the tags within the
tubules (white arrows) in the PBS group (F), the filling of lateral
secondary dentin tubules is observed (black arrows). A faint
disorganization of the dentin architecture is seen in CHX pretreated
samples (white arrows) (G). ZnCl2 pretreated replicas show a regular and
smooth dentin surface (H).
is reported in the literature at 45 kDa (Embery and Rolla, 1980),
appeared on western blot at 60 kDa suggesting a protein complex.
BGN, whose monomeric form is reported at 45 kDa (Embery
et al., 2001), was detected as a band at 140 kDa. Interestingly,
studies on the folding and stability of DCN and BGN impli-
cated their organization as complex both in solution and as crystal
structure, which is consistent with our result (Scott et al., 2006).
For DSP, the molecular weights observed in the present study,
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FIGURE 4 | Hypothetic representation of MMP-3 inhibition by the tested
mouthrinse during the dentin carious process. Cariogenic bacteria present
in the caries cavity release acids that demineralize the dentin matrix and
activate host dentin or saliva-derived MMPs, including MMP-3. Activated
MMP-3 then releases from the collagen scaffold several non-collagenous
proteins (NCPs): DCN, BGN and some Sibling proteins. Mouthrinse, composed
of GSE (Grape Seed Extracts) and AmF is an efficient MMP inhibitor that
prevents the release of NCPs associated to the collagen fibers in the dentin.
150 and 75 kDa, are higher than those reported in the literature
(95 and 53 kDa) (Ritchie et al., 1995). It can be proposed that
MMP-3 releases these proteins by degrading their attachment to
the dentin extracellular matrix.
The release of NCPs visualized by Western blot is in accor-
dance with SEM exploration of the dentin surfaces showing that
the pretreatment with themouthrinse and GSE both inhibited the
enlargement of the dentinal tubules by the enzymatic action of
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MMP-3. This approachmay be beneficial in terms of initial dentin
caries prevention, but could also improve life expectancy of
adhesive-resin interfaces. Indeed, previous studies have indicated
that the use ofMMP inhibitors prevent early degradation of resin-
dentin bonds by endogenous MMPs (Sabatini and Patel, 2013)
suggesting therefore that GSE could be used to treat the dentin
surface of the cavity before the adhesive procedures. However, the
consequences of this treatment on resin adhesion to the dentin
surface still remain to be assessed by additional mechanical testing
complemented by failure analysis.
GSE has been suggested to have an additional inhibitory effect
on the demineralization process. It has been shown to inhibit
the demineralization and/or to promote the remineralization of
artificial root carious lesions in vitro under dynamic pH-cycling
conditions (Xie et al., 2008). In addition, GSE treatment was
also shown to increase the microhardness of the lesions in these
conditions. Xie et al. suggested that GSE could contribute not
only to the deposition of mineral on the superficial layer of the
lesion, but may also interact with the organic portion of the root
dentin through Proanthocyanidin-collagen interaction, stabiliz-
ing the exposed collagen matrix (Xie et al., 2008). Noteworthy,
during the production of replicas, the 40% phosphoric acid
dentin treatment opened the dentinal tubules only in placebo and
PBS groups. This finding suggests that the mouthrinse and its
active principles’ pretreatment not only had an anti-MMP action
but also modified the dentin surface accessibility (Bachelar-Sá
et al., 2014). Along this line, dentin treatment with GSE has
been reported to limit the matrix degradation by specific bacterial
proteases through induction of collagen inter-microfibrilar cross-
links by removing and replacing GAG by GSE (Bedran-Russo
et al., 2008, 2011). At the concentration used in the present study
(0.2%), it can be hypothesized that both an anti-MMP effect
and a surface modification are achieved to protect the dentin
matrix.
Regarding the effect of the other MMP inhibitors used, our
results show that ZnCl2 pretreatment was also effective in protect-
ing dentin from cleavage by MMP-3 as there was no detectable
release of matrix components, while with CHX pretreatment
there was only a slight release of DSP. Interestingly, Toledano
et al. have previously reported that these two MMP inhibitors
prevented collagen degradation by endogenous MMPs in dentin
beams pretreated with acidic solutions and incubated in artificial
saliva (Toledano et al., 2012). However, only the ZnCl2 pre-
treatment maintained a total inhibitory effect after a prolonged
incubation period in the artificial saliva. Both approaches, con-
ducted in different models, suggest that ZnCl2 may be a more
efficient MMP inhibitor over time than CHX. AmF, one of the
active principles composing the tested mouthrinse, was a bet-
ter inhibitor of MMP-3 in the present model than NaF as it
decreased the release of DCN, BGN, and DSP from the matrix
and prevented dentinal tubules enlargement. These protective
effects on the dentin matrix were not observed with NaF pretreat-
ment. Accordingly, Mei et al. compared MMP-inhibitory effects
of several organic and inorganic fluorides by gelatin zymography
and showed that the silver diamine fluoride, an organic fluoride,
was the most efficient gelatinase inhibitor when compared with
inorganic fluorides (Mei et al., 2012).
It can be hypothesized that the inhibition of NCP cleavage
by MMP-3 inhibitors may prevent further matrix degradation
by protecting the collagen fibers from collagen-specific MMPs
such as collagenases and gelatinases. Indeed, PGs were initially
reported as the major substrates of MMP-3. However, the situ-
ation may be more complex since PGs are bound to several other
proteins in the extracellular matrix (Qin et al., 2006). For exam-
ple, MMP-9 is linked to the core protein of Chondroitin sulfate
proteoglycans, forming a pro-MMP-9-PG heteromer (Winberg
et al., 2003; Malla et al., 2008). Although there is no literature
reporting such complex in the dentin extracellular matrix, it can-
not be excluded that the cleavage of this hetereomer by MMP-3
may release activeMMP-9 (Malla et al., 2008) which could in turn
express its gelatinolytic activity, exacerbating the dentin matrix
degradation initiated by MMP-3.
In conclusion, the present study shows that the combination of
GSE and AmF as in the evaluatedmouthrinse limits dentinmatrix
degradation. This associationmay be promising in the prevention
of caries. However, the procedure should be adapted to durations
that are clinically relevant.
ACKNOWLEDGMENTS
This work was supported by University Paris Descartes (salaries)
and by grants from the Pierre Fabre Company, Oral Care divi-
sion, Castres, France (reagents). Pierre Fabre Company was not
involved in the design of the study, analysis of the results, and
manuscript preparation.
REFERENCES
Bachelar-Sá, R., Leme, A. A., Giannini, M., and Bedran-Russo, A. K. (2014). Bond
strength and permeability of HEMA-free adhesives to biomodified dentin.Dent.
Mater. 30:e153. doi: 10.1016/j.dental.2014.08.312
Bedran-Russo, A. K., Castellan, C. S., Shinohara, M. S., Hassan, L., and
Antunes, A. (2011). Characterization of biomodified dentin matrices for poten-
tial preventive and reparative therapies. Acta Biomater. 7, 1735–1741. doi:
10.1016/j.actbio.2010.12.013
Bedran-Russo, A. K., Pashley, D. H., Agee, K., Drummond, J. L., and Miescke, K.
J. (2008). Changes in stiffness of demineralized dentin following application of
collagen crosslinkers. J. Biomed. Mater. Res. B Appl. Biomater. 86, 330–334. doi:
10.1002/jbm.b.31022
Boukpessi, T., Menashi, S., Camoin, L., Tencate, J. M., Goldberg, M., and
Chaussain-Miller, C. (2008). The effect of stromelysin-1 (MMP-3) on non-
collagenous extracellular matrix proteins of demineralized dentin and the
adhesive properties of restorative resins. Biomaterials 29, 4367–4373. doi:
10.1016/j.biomaterials.2008.07.035
Bourd-Boittin, K., Fridman, R., Fanchon, S., Septier, D., Goldberg, M., and
Menashi, S. (2005). Matrix metalloproteinase inhibition impairs the processing,
formation and mineralization of dental tissues during mouse molar develop-
ment. Exp. Cell Res. 304, 493–505. doi: 10.1016/j.yexcr.2004.11.024
Brinckerhoff, C. E., and Matrisian, L. M. (2002). Matrix metalloproteinases: a
tail of a frog that became a prince. Nat. Rev. Mol. Cell Biol. 3, 207–214. doi:
10.1038/nrm763
Carrilho, M. R., Carvalho, R. M., De Goes, M. F., Di Hipolito, V., Geraldeli, S., Tay,
F. R., et al. (2007). Chlorhexidine preserves dentin bond in vitro. J. Dent. Res.
86, 90–94. doi: 10.1177/154405910708600115
Chaussain, C., Boukpessi, T., Khaddam, M., Tjaderhane, L., George, A., and
Menashi, S. (2013). Dentin matrix degradation by host matrix metallopro-
teinases: inhibition and clinical perspectives toward regeneration. Front. Physiol.
4:308. doi: 10.3389/fphys.2013.00308
Clarkson, B. H., Krell, D., Wefel, J. S., Crall, J., and Feagin, F. F. (1987).
In vitro caries-like lesion production by Streptococcus mutans and
Actinomyces viscosus using sucrose and starch. J. Dent. Res. 66, 795–798.
doi: 10.1177/00220345870660031801
www.frontiersin.org October 2014 | Volume 5 | Article 425 | 7
Khaddam et al. GSEs limits dentin matrix degradation
Embery, G., Hall, R., Waddington, R., Septier, D., and Goldberg, M. (2001).
Proteoglycans in dentinogenesis. Crit. Rev. Oral Biol. Med. 12, 331–349. doi:
10.1177/10454411010120040401
Embery, G., and Rolla, G. (1980). Interaction between sulphated macromolecules
and hydroxyapatite studied by infrared spectroscopy. Acta Odontol. Scand. 38,
105–108. doi: 10.3109/00016358009003486
Furiga, A., Roques, C., and Badet, C. (2014). Preventive effects of an original
combination of grape seed polyphenols with amine fluoride on dental biofilm
formation and oxidative damage by oral bacteria. J. Appl. Microbiol. 116,
761–771. doi: 10.1111/jam.12395
Gendron, R., Grenier, D., Sorsa, T., andMayrand, D. (1999). Inhibition of the activ-
ities of matrix metalloproteinases 2, 8, and 9 by chlorhexidine. Clin. Diagn. Lab.
Immunol. 6, 437–439.
Hall, R., Septier, D., Embery, G., and Goldberg, M. (1999). Stromelysin-1 (MMP-
3) in forming enamel and predentine in rat incisor-coordinated distribution
with proteoglycans suggests a functional role. Histochem. J. 31, 761–770. doi:
10.1023/A:1003945902473
Katz, S., Park, K. K., and Palenik, C. J. (1987). In-vitro root surface caries studies.
J. Oral Med. 42, 40–48.
Kawasaki, K., and Featherstone, J. D. (1997). Effects of collagenase on root dem-
ineralization. J. Dent. Res. 76, 588–595. doi: 10.1177/00220345970760011001
La, V. D., Bergeron, C., Gafner, S., and Grenier, D. (2009). Grape seed extract sup-
presses lipopolysaccharide-induced matrix metalloproteinase (MMP) secretion
by macrophages and inhibits humanMMP-1 and -9 activities. J. Periodontol. 80,
1875–1882. doi: 10.1902/jop.2009.090251
Malla, N., Berg, E., Uhlin-Hansen, L., andWinberg, J. O. (2008). Interaction of pro-
matrix metalloproteinase-9/proteoglycan heteromer with gelatin and collagen.
J. Biol. Chem. 283, 13652–13665. doi: 10.1074/jbc.M709140200
Mazzoni, A., Breschi, L., Carrilho, M., Nascimento, F. D., Orsini, G., Ruggeri,
A., et al. (2012). A review of the nature, role, and function of dentin non-
collagenous proteins. Part II: enzymes, serum proteins, and growth factors.
Endod. Top. 21, 19–40. doi: 10.1111/j.1601-1546.2012.00268.x
Mazzoni, A., Mannello, F., Tay, F. R., Tonti, G. A., Papa, S., Mazzotti,
G., et al. (2007). Zymographic analysis and characterization of MMP-2
and -9 forms in human sound dentin. J. Dent. Res. 86, 436–440. doi:
10.1177/154405910708600509
Mazzoni, A., Pashley, D. H., Tay, F. R., Gobbi, P., Orsini, G., Ruggeri, A. Jr., et al.
(2009). Immunohistochemical identification of MMP-2 and MMP-9 in human
dentin: correlative FEI-SEM/TEM analysis. J. Biomed.Mater. Res. A 88, 697–703.
doi: 10.1002/jbm.a.31920
Mei, M. L., Li, Q. L., Chu, C. H., Yiu, C. K., and Lo, E. C. (2012). The inhibitory
effects of silver diamine fluoride at different concentrations on matrix metallo-
proteinases. Dent. Mater. 28, 903–908. doi: 10.1016/j.dental.2012.04.011
Nascimento, F. D., Minciotti, C. L., Geraldeli, S., Carrilho, M. R., Pashley, D. H.,
Tay, F. R., et al. (2011). Cysteine cathepsins in human carious dentin. J. Dent.
Res. 90, 506–511. doi: 10.1177/0022034510391906
Orsini, G., Ruggeri, A., Mazzoni, A., Nato, F., Falconi, M., Putignano, A., et al.
(2008). Immunohistochemical localization of dentin matrix protein 1 in human
dentin. Eur. J. Histochem. 52, 215–220. doi: 10.4081/1219
Orsini, G., Ruggeri, A., Mazzoni, A., Nato, F., Manzoli, L., Putignano, A., et al.
(2012). A review of the nature, role, and function of dentin non-collagenous
proteins. Part 1: proteoglycans and glycoproteins. Endod. Top. 21, 1–18. doi:
10.1111/j.1601-1546.2012.00270.x
Orsini, G., Ruggeri, A. Jr., Mazzoni, A., Papa, V., Mazzotti, G., Di Lenarda, R., et al.
(2007). Immunohistochemical identification of decorin and biglycan in human
dentin: a correlative field emission scanning electron microscopy/transmission
electron microscopy study. Calcif. Tissue Int. 81, 39–45. doi: 10.1007/s00223-
007-9027-z
Qin, C., Huang, B., Wygant, J. N., McIntyre, B. W., McDonald, C. H., Cook,
R. G., et al. (2006). A chondroitin sulfate chain attached to the bone dentin
matrix protein 1 NH2-terminal fragment. J. Biol. Chem. 281, 8034–8040. doi:
10.1074/jbc.M512964200
Ritchie, H. H., Pinero, G. J., Hou, H., and Butler, W. T. (1995). Molecular
analysis of rat dentin sialoprotein. Connect. Tissue Res. 33, 73–79. doi:
10.3109/03008209509016985
Sabatini, C., and Patel, S. K. (2013). Matrix metalloproteinase inhibitory proper-
ties of benzalkonium chloride stabilizes adhesive interfaces. Eur. J. Oral Sci. 121,
610–616. doi: 10.1111/eos.12089
Scott, P. G., Dodd, C. M., Bergmann, E. M., Sheehan, J. K., and Bishop, P.
N. (2006). Crystal structure of the biglycan dimer and evidence that dimer-
ization is essential for folding and stability of class I small leucine-rich
repeat proteoglycans. J. Biol. Chem. 281, 13324–13332. doi: 10.1074/jbc.M5134
70200
Sulkala, M., Wahlgren, J., Larmas, M., Sorsa, T., Teronen, O., Salo, T., et al.
(2001). The effects of MMP inhibitors on human salivary MMP activ-
ity and caries progression in rats. J. Dent. Res. 80, 1545–1549. doi:
10.1177/00220345010800061301
Ten Cate, J. M. (2001). Remineralization of caries lesions extending into dentin.
J. Dent. Res. 80, 1407–1411. doi: 10.1177/00220345010800050401
Ten Cate, J. M., Nyvad, B., Van de Plassche-Simons, Y. M., and Fejerskov, O.
(1991). A quantitative analysis of mineral loss and shrinkage of in vitro
demineralized human root surfaces. J. Dent. Res. 70, 1371–1374. doi:
10.1177/00220345910700101101
Thompson, J. M., Agee, K., Sidow, S. J., McNally, K., Lindsey, K., Borke, J.,
et al. (2012). Inhibition of endogenous dentin matrix metalloproteinases by
ethylenediaminetetraacetic acid. J. Endod. 38, 62–65. doi: 10.1016/j.joen.2011.
09.005
Tjaderhane, L., Larjava, H., Sorsa, T., Uitto, V. J., Larmas, M., and Salo, T.
(1998). The activation and function of host matrix metalloproteinases in
dentin matrix breakdown in caries lesions. J. Dent. Res. 77, 1622–1629. doi:
10.1177/00220345980770081001
Tjaderhane, L., Sulkala, M., Sorsa, T., Teronen, O., Larmas, M., and Salo, T.
(1999). The effect of MMP inhibitor metastat on fissure caries progression
in rats. Ann. N.Y. Acad. Sci. 878, 686–688. doi: 10.1111/j.1749-6632.1999.tb
07762.x
Toledano, M., Yamauti, M., Osorio, E., and Osorio, R. (2012). Zinc-inhibited
MMP-mediated collagen degradation after different dentine demineralization
procedures. Caries Res. 46, 201–207. doi: 10.1159/000337315
van Strijp, A. J., Jansen, D. C., DeGroot, J., ten Cate, J. M., and Everts, V. (2003).
Host-derived proteinases and degradation of dentine collagen in situ.Caries Res.
37, 58–65. doi: 10.1159/000068223
van Strijp, A. J., van Steenbergen, T. J., and Ten Cate, J. M. (1997). Bacterial col-
onization of mineralized and completely demineralized dentine in situ. Caries
Res. 31, 349–355. doi: 10.1159/000262417
Winberg, J. O., Berg, E., Kolset, S. O., and Uhlin-Hansen, L. (2003). Calcium-
induced activation and truncation of promatrix metalloproteinase-9 linked to
the core protein of chondroitin sulfate proteoglycans. Eur. J. Biochem. 270,
3996–4007. doi: 10.1046/j.1432-1033.2003.03788.x
Xie, Q., Bedran-Russo, A. K., and Wu, C. D. (2008). In vitro remineralization
effects of grape seed extract on artificial root caries. J. Dent. 36, 900–906. doi:
10.1016/j.jdent.2008.07.011
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 16 September 2014; accepted: 13 October 2014; published online: 31 October
2014.
Citation: Khaddam M, Salmon B, Le Denmat D, Tjaderhane L, Menashi S, Chaussain
C, Rochefort GY and Boukpessi T (2014) Grape seed extracts inhibit dentin matrix
degradation by MMP-3. Front. Physiol. 5:425. doi: 10.3389/fphys.2014.00425
This article was submitted to Craniofacial Biology, a section of the journal Frontiers in
Physiology.
Copyright © 2014 Khaddam, Salmon, Le Denmat, Tjaderhane, Menashi, Chaussain,
Rochefort and Boukpessi. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or repro-
duction in other forums is permitted, provided the original author(s) or licensor are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.
Frontiers in Physiology | Craniofacial Biology October 2014 | Volume 5 | Article 425 | 8
